Background: There is little published evidence examining the use of contrast material (CM) and the risk of acute renal adverse events (AEs) in individuals with increasingly common risk factors including cancer and chronic kidney disease (CKD). The objective of this study was to use real world hospital data to test the hypothesis that inpatients with cancer having CT procedures with iodinated CM would have higher rates of acute renal AEs in comparison to inpatients without cancer. Methods: Inpatient hospital visits in the Premier Hospital Database from January 1, 2010 through September 30, 2015 were eligible for inclusion. The outcome of interest was a composite of acute renal AEs including: acute kidney injury, acute renal failure requiring dialysis, contrast induced-acute kidney injury and renal failure. Multivariable models, adjusted for differences in patient demographics and comorbid conditions, were used to estimate the incremental risk of acute renal AEs by CT (with or without iodinated CM), CKD stage and type of cancer. Results: Among 29,850,475 inpatient visits across 611 hospitals, 7.4% had record of a CT scan, 5.9% had CKD, and 3.4% had the primary diagnosis of cancer. The baseline risk for an acute renal AE in patients without cancer or CKD and no CT or CM was 0.5%. The absolute risk increases from baseline by 0.2% with a CT and by 0.8% with iodinated CM. Patients with CKD having a CT scan with iodinated CM have an absolute risk of 4.1 to 9.7% depending on the stage of CKD. For patients with cancer, the absolute risk increases, varying from 0.3 to 2.3% depending on the type of cancer. Conclusions: Inpatients with cancer are at higher likelihood of developing acute renal AEs following CT with iodinated CM compared to those without a cancer. Understanding the underlying risks of acute renal AEs among complex inpatient admissions is an important consideration in treatment choices for oncology patients.
Background
Adverse events (AEs) following intravascular administration of iodinated contrast material (CM) occur in 0.02 to 0.04% of patients. These include kidney injury, respiratory or cardiac arrest, convulsions, and loss of consciousness [1] [2] [3] . Renal insufficiency has been noted as both contributing to the risk of a post-CM AEs and as a result thereof [4] [5] [6] . However, the incidence of nephropathy specifically caused by iodinated CM is not well understood. As noted by the American College of Radiology, most published studies focus on the diagnosis of post-contrast acute kidney injury (PC-AKI), which is defined as sudden deterioration in renal function within 48 h following the intravascular administration of iodinated CM. PC-AKI is a correlative diagnosis, a subset of PC-AKI cases are contrast-induced nephropathy (CIN or CI-AKI), which is a causative diagnosis [7] . CI-AKI is commonly defined as an increase in serum creatinine (SCr) greater than 25% or 44.2umol/L (0.5 mg/dL) from baseline within 2 or 3 days of intravascular CM administration in the absence of an alternative cause [5, 8] . CI-AKI has an estimated incidence of 8 to 20% of cancer patients who undergo contrast-enhanced CT [6, [9] [10] [11] . However, most studies do not include a control group for analysis, which is problematic due to the variation in SCr observed in hospitalized patients regardless of CM administration [5] . Depending on the definition utilized, AKI has been reported in 6 to 35% of inpatients without CM exposure [5, 12] .
Cancer treatments as well as the timing of treatment and CT imaging have been investigated as risk factors for acute reactions to iodinated CM [13, 14] . Other than chronic kidney disease (CKD), risk factors for CI-AKI include diabetes, hypertension, malignancy, age > 65 years, use of non-steroidal anti-inflammatory drugs, and timing of CT within 45 days after last chemotherapy [9, 15] . Regardless of the cause, cancer patients who develop renal failure may have worse prognosis and survival [16] [17] [18] [19] .
While the biomedical literature indicates that the rate of AEs associated CM use is low, there is little evidence examining the use of CM and the risk of renal AEs in individuals with increasingly common risk factors including cancer and CKD. The objective of this study was to use real world hospital data to test the hypothesis that patients with cancer having CT with iodinated CM would have higher rates of acute renal AEs than those without cancer.
Methods

Data source
Data for the study were derived from the Premier Hospital Database, which currently contains data from more than 350 million patient encounters, or one in every five discharges in the United States (US) [20] . The database contains data from standard hospital discharge files, including a patient's demographic and disease state, and information on billed services, including medications, laboratory, diagnostics and therapeutic services in de-identified patient daily service records. In addition, information on hospital characteristics, including geographic location, bed size and teaching status are also available. Preliminary comparisons between patient and hospital characteristics for the hospitals included in the database and those of the probability sample of hospitals and patients selected for the National Hospital Discharge Survey (NHDS) suggest that the patient populations are similar with regard to patient age, gender, length of stay, mortality, primary discharge diagnosis, and primary procedure groups [21] . All data used to perform this analysis were de-identified and accessed in compliance with the Health Insurance Portability and Accountability Act. As a retrospective analysis of a de-identified database, the research was exempt from IRB review under 45 CFR 46.101(b)(4).
Inclusion/exclusion criteria
Any inpatient hospital visit in the Premier Hospital Database from January 1, 2010 through September 30, 2015 was eligible for inclusion. Inpatient was defined as a visit which included an overnight stay. Patient visits were excluded if a patient had a record of end stage renal disease requiring dialysis (ESRD ICD-9 code: 585.6), kidney transplantation (ICD-9 code: V42.0, 996.81, or 55.6×) or AKI (ICD-9 code: 584.9) upon admission (determined by a variable that indicated the patient had the condition upon admission). To isolate the risk of renal events among oncology patients hospitalized for diagnosis or treatment of cancer, visits with a secondary or historical diagnosis of cancer were excluded. Visits where the primary diagnosis or reason for the inpatient stay was cancer were included (Table 5 in Appendix).
Variables of interest
Patient visits with a record of primary cancer were further categorized by the following types of cancer: Bone, Breast, Colorectal, Endocrine, Gastrointestinal, Gynecological, Hemolymph, Leukemia, Liver, Lung, Neurological, Respiratory, Skin, Urinary and Miscellaneous (rare cancers).
The primary outcome of interest was a composite of adverse renal events, defined as one or more of the following: AKI, acute renal failure requiring dialysis, CI-AKI or renal failure (ICD-9 codes Table 6 in Appendix). Acute renal events were identified as being outcomes if there was a record of the event during the hospitalization and the event of interest was not recorded as present on admission.
To identify usage of CM, keyword text mining was performed on patients' charge master billing files. Using product brand names and generic keywords for CM use, the following categories were created: iodinated, non-iodinated, or unknown type. If no evidence of CM usage was found on the visit, the visit was assumed to have no CM usage. CM usage could have occured during a CT or CTA scan, see Table 7 of Appendix for codes used to define CT and CTA scans.
In order to quantify the effect of CKD, a dichotomous variable was made for CKD status based on the presence of CKD stage recorded in the visit. Additionally, an ordinal variable was created for CKD stage (0 = no disease, stage 1, stage 2, stage 3, stages 4 &5) ( Table 8 in Appendix). It is important to note, that patients with unspecified CKD were only included in the dichotomous variable and excluded in the staging variable due to the non-specificity of their renal disease status.
The following variables were summarized prior to statistical modeling: patient demographics (age, race, gender, insurance type, and admission type), visit characteristics (whether or not the patient underwent a CT, CM usage and type), patient conditions (primary cancer, type of cancer, CKD severity, and overall disease severity as measured by the Elixhauser Comorbidity Index (ECI Table 9 in Appendix)) [22] . All components of the composite of renal AEs were described prior to multivariable modeling by the following key model inputs: CKD by severity, CT (with or without iodinated CM) and cancer type.
Statistical analyses
All multivariable renal AE models adjusted for differences in both patient demographics and comorbid conditions. The hospital fixed-effects specification was used to account for time-invariant variation across a hospital that was otherwise unobservable. This methodological choice was made to compensate for the non-random relationship between patients and hospital choice which may result in variation across hospitals in both patient mix (e.g. the share and severity of oncology patients) and in the rate of renal events which may lead to a spurious correlation. By limiting the analysis to variation within hospitals, we study patients treated in a similar environment using similar standards of care and hospital protocols. The decision to utilize a particular product or drug during a hospital visit may depend on formal hospital guidelines, physician practice patterns or preferences, negotiated reimbursement schedules with insurance companies, and other local (geographic and/or hospital) characteristics.
All analysis was performed in SAS version 9.4 (Cary, NC).
Results
A total of 29,850,475 inpatient visits across 611 hospitals met the study inclusion criteria (Fig. 1) . The average age of patients at the time of the inpatient visit was 45 years (standard deviation (sd) 27.5). The majority of patients were female (60%), Caucasian (65%), and the most frequent insurer was Medicare (34%). Emergency and urgent hospitalizations made up 61% of all visits. Overall, 7% of inpatient visits had a record of a CT and 80% of visits had no record of CM ( Table 1) .
The population had a mean ECI score of 2.1 (sd 2.17), comorbid conditions and frequencies are shown in Table 2 . Among the 6% of visits with CKD, the CKD stage was: stage 1 (0.7%), stage 2 (5.6%), stage 3 (36.5%), stage 4/5 (12.4%) and stage unspecified (44.8%). Cancer was the primary diagnosis in 3.4% of visits. The highest percentage of primary cancer visits reported were: gastrointestinal (16.1%), urinary (14.6%) and lung (13.1%).
The unadjusted rates of the renal AE outcome and its components are reported in Table 3 by the following key variables: CKD stage, CT (with or without iodinated CM) and cancer type. The unadjusted baseline rate of the renal AEs was 0.5% for inpatient visits without cancer, CKD or CT and CM. The frequency of renal events increased with CKD severity (0.9% for patients with no record of CKD; 6.1% for a patient with CKD stage 1 to 12.7% among CKD patients stage 4 & 5) . Among visits with primary cancer, the unadjusted rate of renal events was 3.0%, an increase from 1.4% in visits with no cancer diagnosis. The unadjusted rate of renal events varied by cancer type: leukemia (5.3%), liver (4.3%), urinary (4.1%), and colorectal (4.1%). When considering all AEs which make up the renal AE composite, AKI without dialysis contributed to the composite more than other components.
The fixed effects multivariable models controlled for differences in patient demographics and comorbid conditions and decomposed the risk by the following variables: CT, iodinated CM, CKD stage and cancer type (Table 4 and Fig. 2 ). Estimates of absolute risk of the renal AEs are reported with confidence intervals for CT, iodinated CM, CKD stage and cancer (Table 4) . Absolute risk of an acute renal event increased with non-contrast CT by 0.2%, iodinated CM increased the risk by an additional 0.8%. The increased risk varied by cancer type, overall, the risk of a renal event increased by 0.9%. The risk by individual cancer types range from 0.3% for endocrine cancer to 2.3% for urinary cancers. Absolute risk increased with CKD severity: stage 1 (2.5%), stage 2 (4.6%), stage 3 (7.2%), stage 4 & 5 (8.1%). Figure 2 provides a cumulative visual for the regression estimates reported in Table 4 . The first bar in the figure is the absolute risk of the renal AEs at baseline, 0.5%. Baseline risk represents patient visits without CT, CM, CKD or cancer. From left to right, the absolute risk associated with each variable is reported as well as how the risk accumulates with each additional variable. For example, a patient hospitalized for cancer that had a CT scan with iodinated CM and CKD stage 1, had a 4.9% risk of a renal event. The absolute risk of a renal event increases substantially for patients with CKD. Inpatients who underwent a CT with iodinated CM who do not have cancer had the following risk based on CKD severity: stage 1 (4.1%), stage 2 (6.2%), stage 3 (8.8%), stage 4 & 5 (9.7%).
Discussion
After controlling for patient demographics, comorbid conditions and hospital fixed effects, the risk of an acute renal event for hospitalized patients ranges from 0.5% at baseline (patient visits without CT, CM use, CKD or cancer experiencing AKI) to as high as 10.6% (patient visits with a CT with iodinated CM with CKD stage 4 or 5 and cancer). The increasing risk with CKD stage reflects the previously reported impact of compromised renal function and adds to the literature by showing the risk of renal AEs by cancer type. The effect of a cancer diagnosis on the risk of renal AEs was 0.9%, with specific cancers having up to 2.3% (for urinary cancer) added risk. The incremental risk of a renal event associated with a CT without contrast was 0.2%, which clinically may be counterintuitive. This incremental risk was most likely due to the CT being a proxy for sicker patients or other procedures not controlled for in the regression analysis. Regardless of the reason, the effect is small compared to the other factors.
Large retrospective single center studies have previously explored the risk of intravenous CM via propensity-matched cohort analyses [23, 24] . Such investigations differ from our current analysis in heterogeneity (or homogeneity) of population examined, this study specifically surveyed the inpatient setting while considering the impact of CKD stage and cancer diagnosis.
It is not difficult to surmise why cancer patients may be particularly susceptible to renal events given their high prevalence of renal insufficiency, concomitant nephrotoxic chemotherapeutic regimens, and predisposition to dehydration secondary to advanced age, poor appetite, nausea, and vomiting [25] . It has additionally been suggested that patients with active cancer undergoing CM enhanced CT are particularly at risk of CI-AKI even in the absence of significant renal impairment as underlying renal insufficiency may be masked due to falsely low creatinine concentration resulting from diminished muscle mass [10] .
This study did not explore the potential additive effects of different types of CM and chemotherapy; however, it has been suggested that CI-AKI may develop 4.5 times more frequently in cancer patients who undergo recent chemotherapy [9] and that exposure to CM within a week prior to nephrotoxic chemotherapeutic agents, for example cisplatin, significantly increases the risk of nephropathy [26] . Similar nephrotoxic effects of iodinated CM and chemotherapeutic agents upon the renal vasculature may rationalize the amplified risk. Not surprisingly, chemotherapy has been increasingly identified as an additional risk factor, evident by inclusion into CI-AKI consensus statements and guideline recommendations [27] .
While the current analysis did not assess renal AEs by class of CM, a recent prospective, multicenter, randomized controlled trial suggested more favorable safety profile of iso-osmolar CM (iodixanol) versus low-osmolar CM (iopromide) in low risk cancer patients defined by eGFR> 60 mL/min [28] . Adequately sized and designed studies of prospective nature are warranted to elucidate findings further.
Our findings quantify absolute risk of renal events and are noteworthy given the marked consequences that AKI may elicit within the oncology setting. Salahudeen et al. recently conducted cross-sectional analysis of prospectively collected data on 3558 patients admitted to the University of Texas, M.D. Anderson Cancer Center and found higher rates of AKI versus most non-cancer settings. In patients with AKI, length of stay (100%), cost (106%), and odds for mortality (4.7-fold) were significantly greater [29] .
On account of these implications and due to the complex bidirectional relationship between cancer and kidney function, there is need for further investigation and periprocedural recommendations. The intra-arterial administration of CM within interventional cardiovascular procedures has been investigated at length, with subsequent guideline development central to patient risk assessment, hydration strategies, and emphasis on limiting volumes of CM administered. While it has been suggested that overall risk is lower with intravenous administration of CM, susceptible oncologic settings and vulnerable patients should be identified (particularly a patient's state of kidney health and timing of treatment or imaging) and integrated strategies should be employed to minimize the risk of renal events among inpatient cancer patients undergoing CT with CM.
The intricate association and increasing prevalence of cancer and AKI/CKD has led to mounting interest in this complex environment and prompted evolution of the novel onco-nephrology subspecialty. Yet the relationship between cancer therapy and kidney disease remains underexplored. The burgeoning area of onco-nephrology suffers from lack of guidance for clinicians who encounter difficult and often complex problems in this complicated group of patients, and development of integrated guidelines is needed [30] . The 2016 American Society of Nephrology (ASN) Onco-Nephrology Curriculum may strengthen and expand understanding of this field by underscoring risk factors of CI-AKI and suggesting preventive measures be taken in patients with GFR < 60 mL/ min including limiting contrast volume, using iso-osmolar contrast, prehydration with normal saline, and discontinuation of concurrent nephrotoxic agents [31] . To our understanding, this is the first study to quantify absolute risk of renal events in a robust multicenter cohort of patients undergoing CM enhanced CT with decomposed analysis of contributing factors to include CM, renal function, and cancer diagnosis. Our analysis suggests that patients who receive CM are at higher risk versus those who do not. Additionally, risk is heightened with progressively advanced stages of CKD. Further, our results substantiate 
Strengths and limitations
Strengths of this study include the use of a comprehensive data source and use of the hospital fixed-effect specification methodology that allowed for control of time-invariant within hospital variation that is otherwise unobservable, such as physician preferences and internal protocols. The limitations of this study are those that are inherent in retrospective database analyses, which include the unit of inference (which is the visit not the patient) and potential under coding of non-billable events. The data source for this study was the Premier Healthcare Database that represents 20% of all inpatient discharges in the US; however, given its reliance on ICD-9 Codes, there is a potential risk of coding errors. A second limitation of this data source is that it does not track patients longitudinally. Thus, it was not possible to determine if events occurred after the patient was discharged. Due to the administrative nature of the database, laboratory values (sCr and GFR) were not available, we could not define CI-AKI by sCr, and rather, the outcome was defined by the ICD-9 code for CI-AKI which may underestimate the occurrence of this event. Finally, due to limitations of the dataset, we were unable to ascertain total volumes of CM administered, use of hydration strategies, or concomitant use of nephrotoxic medications or chemotherapeutic regimens.
Conclusions
This large retrospective multicenter study decomposed the risk of acute renal events among hospitalized cancer patients having CT either with or without iodinated CM. The baseline risk for an acute renal event in patients without cancer or CKD and no CT or CM was 0.5%. When a CT procedure was performed with iodinated CM the risk increased to 1.5%. Patients with CKD having a CT with CM had an increased risk of an acute renal event from 2.5 to 8.1% depending on the stage of CKD. Among cancer patients, the overall risk increased from baseline by 0.9%. Risk increase from baseline by type of cancer ranged from 0.3 for endocrine and lung cancer to over 2% for leukemia and urinary cancer. Therefore, cancer patients having CT with iodinated CM without CKD have a risk increase of 2.4% and when CKD is present the risk ranges from 4.9 to 10.5% depending on CKD stage. In the changing healthcare landscape, with complex inpatient admissions, understanding the underlying risks of acute renal events will be an important consideration in treatment choices for oncology patients. Table 4 , and in this figure in the columns and at the top of each column differ slightly due to rounding. +CT = record of CT; +Iodinated = record of iodinated contrast material (CM); +CKD = chronic kidney disease, The absolute risk of a renal event can be calculated based on a patient's comorbidities. For example, a patient hospitalized for cancer who had a CT scan with iodinated CM and CKD stage 1, had a 4.9% risk of a renal event. Table 9 in Appendix) of comorbidities, which are associated with mortality. Each category counts as 1 point for a potential ECI score range of 0-31. These comorbidities were identified using diagnosis codes that appear during the visit
